Flake graphite cast iron containing aluminum is known to have excellent heat resistance. In this research, the characteristics of a surface modification process and the wear property of surface-modified aluminum alloyed cast iron were investigated.
Introduction
Since the poor castability of aluminum cast iron has reduced the possibility for practice application, few researches on aluminum cast iron have been reported in recent years. However, from the viewpoint of recycle, aluminum cast iron is worth to be reconsidered as a strategic research target.
1) The point of the research is making use of scraps from the widely consumed composites of iron and aluminum, such as steel containers for beverages, as a source material for cast iron.
The effect of aluminum as an alloying element on properties of cast iron has been extensively investigated until now. [2] [3] [4] [5] [6] [7] [8] Mainly, microstructure change and mechanical properties, such as tensile strength and elongation, have been focused. [2] [3] [4] [5] [6] Aluminum cast iron presents a surface with a dense protective film of alumina that imparts the excellent high-temperature oxidation resisting properties, 9, 10) therefore, heat resistance property has been also investigated. [6] [7] [8] Aluminum cast iron, especially containing 4 to 6 mass% aluminum, is known as a high-temperature heat resistant material.
11)
We therefore conducted experiments on adding aluminum to cast iron, and analyzed the effect of aluminum on the properties of cast iron. 12, 13) Recently, we found that during high-temperature oxidation of aluminum cast iron alumina formed not only on the surface but also in other places where graphite was originally present. It is expected that this alumina formed layer have excellent wear properties.
In the present study, to observe the alumina formation process, flake graphite cast iron containing 6 mass% of aluminum was heated to 1273 K in air. On the material where alumina was formed, characteristics of wear resistance were evaluated using a pin-on-disc wear test machine.
Experiment
In order to obtain a structure with excellent high-temperature oxidation resistance and with a suitable amount of graphite crystals, 3.2 mass%C -2.4 mass%Si -6 mass%Al was selected as the target composition. It was necessary to carry out the heat treatment in an oxidizing atmosphere. If the aluminum content in the cast iron is too small, violent oxidation of the surface occurs during the heat treatment.
11)
On the other hand, if the aluminum content is too large, insufficient graphite crystals form and crystallization of a large amount of carbide occurs instead. 12) Melting was carried out using a graphite crucible in a high-frequency induction furnace. Electrolytic iron, metal silicon, graphite electrodes and pure aluminum were used as raw materials. Tapered casting plates with a thickness of 16 to 24 mm were fabricated as test specimens following the procedure described in a previous report.
12) Rectangular parallelepipeds of 5 mm in thickness, 10 mm in width and 20 mm in length were cut from these plates, and heat treatment was carried out inside a muffle furnace. To ensure that the composition of the atmosphere would not change during heat treatment, 0.5 L/min of oxygen and 2.0 L/min of nitrogen were circulated constantly in the muffle furnace and the changes in atmosphere caused by burning of graphite were suppressed. After holding at 1273 K for 25.2 ks to 180 ks, the specimens were cooled in air. The cross sections of the specimens were observed using an optical microscope and EPMA. Vickers and micro-Vickers hardness tests were conducted on these cross sections.
Pin-on-disc wear tests were carried out using specimens of 8 mm in diameter and 20 mm in length. Cylindrical bars measuring 13 mm in diameter and 35 mm in length were cut from the casting plates, and they were heat-treated inside a muffle furnace for 72 ks to 360 ks to induce surface modification of all the surfaces. Afterwards, specimens of 8 Â 20 mm in dimension were cut out leaving one end surface. In this way, only one side of the specimens had a modified surface. The oxidized surface which would influence the wear behavior had a rough appearance. To avoid any effect of these oxides on the wear test, the surface was polished to a metallic brilliance. The value of maximum height of the profile (Rt) of the pin surface was 100 mm. The pressure applied was kept constant at 2 MPa, and the friction rates were set at 0.1, 0.2, 0.5 and 1 m/s. Discs of 55 mm in diameter and 5 mm in thickness were made of S55C, quenched and tempered to a hardness of HRC22 (approximately HV250). The surface of the discs was finished to a roughness with Rt of 6.3 mm. Figure 1 shows an optical microscope photograph of the cross section of the specimen after heat treatment in a muffle furnace at 1273 K for 180 ks. The left side of the figure shows a macro-photograph of the whole cross section. A whitish ring can be observed developing about 1 to 2 mm from the surface towards the interior of the specimen. This area will be referred to as the ring area. The right side of the figure corresponds to an enlargement of the area close to the surface, the ring area and the central area. The graphite near the surface and in the central area appears in its original flaked shape. Graphite flakes are finer and fewer at the ring area. Figure 2 shows the results of EPMA analysis of the cross section of a specimen after heat treatment for 25.2 ks and 180 ks. The carbon, oxygen and aluminum distributions are shown starting from the top of the figure. As the characteristic X-ray pattern for each element shows, there was decarburization and alumina formation near the surface. Namely, the flakes, which look like graphite in the upper-right photo in Fig. 1 , are alumina. Graphite in the central area still exists in the same state as before the heat treatment. The thickness of the area with alumina formation did not change when the heat treatment time was 25.2 ks and 180 ks. However, as can be observed in the photograph, the region of decarburization did not always correspond with the area where alumina formed, and in the 180 ks specimen, the area of decarburization extended further towards the interior of the specimen.
Results

Internal aluminization by heat treatment in air
The changes in thickness of the alumina formation layer with the holding time at 1273 K are shown in Fig. 3 . The thickness of the alumina formation layer increases rapidly, but this growth decelerates rapidly. As indicated in Fig. 2 , the region that originally consisted of graphite in the ring area is covered by iron. Usually, flake graphite cast iron is permeable because the graphite forms a three-dimensional network. 14) However, in the oxidized specimen, the area that originally consisted of graphite is now occupied by iron, the graphite network has been disrupted, and the conducting pores 14) between the surface and the interior of the specimen have also been lost. From this observation, it can be assumed that the graphite network acts as a route for the supply of oxygen at 1273 K. The oxygen came into direct contact with the graphite and there was an interface-determined reaction between the graphite and the oxygen. However, as this porous route was covered by iron, it became difficult for the oxygen to diffuse into the interior of the specimen where there was graphite. As the reaction changed into a diffusiondetermined reaction, the combustion of graphite did not advance, and there were no further changes in the thickness of the alumina formation layer.
3.2 Wear resistance of surface-modified aluminum cast iron In flake graphite cast iron containing aluminum, it is found that an alumina phase near the surface appears through heat treatment in air. Because of the distinctive hardness of alumina, good wear resistance is expected of this material. Pin-on-disc wear tests were carried out up to a sliding distance of 3000 m, and the length of wear loss and specific wear rate were measured. Figure 4 presents the wear properties of specimens with heat treatment at 1273 K for 72 ks. The upper section of the figure shows the reduction in pin length as a function of the increase in sliding distance. The lower section of the figure shows the variation of the specific wear rate. For a friction rate of 0.2 m/s, initially the wear loss increased linearly with the sliding distance and reached the loss of 0.8 mm at the sliding distance of 100 m. Afterwards the wear rate became very small, but after 2000 m a severe wear suddenly started. In this specimen, alumina was detected in the region about 1 mm from the surface, and consequently the sudden increase of wear was attributed to the worn-out of the modified layer. For a friction rate of 0.5 m/s, after a wear loss of 0.7 mm at the initial stage of wear, there was almost no advance of wear until the sliding distance of 3000 m; the end of wear test. At a friction rate of 1.0 m/s, wear advanced slowly up to 0.3 mm loss length at 3000 m. In this case, the wear loss at the beginning was relatively large, and it then became smaller. For a friction rate of 0.1 m/s, the beginning of the process showed a slower friction rate, in contrast with the trends shown by other friction rates. No large differences were detected in the specific wear rate values over 1000 m among the friction rates of 0.1 m/s to 1 m/s. Figure 5 shows the wear test results on a specimen heat treated for 180 ks. Wear loss decreased as the friction rate increased. At 0.1 m/s and 0.2 m/s the wear advanced relatively fast at the initial stage of the test, and the specific wear rate increased markedly when the alumina-containing layer was worn out. For 0.5 m/s and 1.0 m/s, the values of specific wear rate were similar to those for 0.1 m/s and 0.2 m/s at the very beginning, but thereafter there was a sudden decrease in the specific wear loss, and it showed the very small value of 10 À5 mm 3 /Nm from 2000 m to 3000 m. Figure 6 shows the results of a wear test on a specimen after heat treatment for 360 ks. As in the case of the specimen with heat treatment for 180 ks, the wear loss showed a marked tendency to decrease as the friction rate increased. For a rate of 1.0 m/s, in the range from 2000 m to 3000 m, the specific wear rate was approximately 10 À5 mm 3 /Nm, almost the same as the value for the specimen with heat treatment for 180 ks. In both specimens, the wear loss increased suddenly after 1 mm of wear loss. As the thickness of the surfacemodified layer is about 1 mm, the increase in wear loss can be attributed to the fact that once the alumina-containing layer was worn out, the non-modified surface appeared, and so the wear resistance become remarkably lower. For comparison, pin-on-disc tests were carried out on normal flake graphite cast iron under conditions of 2 MPa and 0.5 m/s, and the results showed that the wear was 3.8 mm at a sliding distance of 80 m as given in Fig. 4 , indicating the surface modification remarkably improved the wear resistance. 
Discussion
From the results of wear tests, it is found that the duration of heat treatment does not have a noticeable effect on the wear resistance of the specimen. In the friction rates of 0.1-1 m/s, the observed trend was that the faster the friction rate, the smaller the wear loss. It must be noted that there were exceptions to these observations and the data dispersion was relatively large.
However, the wear process was classified in two patterns; the wear proceeds either severely or mildly. Figure 7 shows photographs of disc surfaces for the case of severe and mild wear. The left-hand photograph corresponds to a disc that was in contact with a specimen with heat treatment at 1273 K for 72 ks with a friction rate of 0.2 m/s and a sliding distance of 2164 m. The right-hand photograph corresponds to a disc that was in contact with a specimen with heat treatment at 1273 K for 72 ks with a friction rate of 1.0 m/s and sliding distance of 3000 m. When severe wear was observed in the specimen, the same kind of wear was observed on the disc surface. On the other hand, when mild wear was observed on the specimen, the disc presented a smooth surface that seems to be painted. When the wear of the pin was small, the wear of the disc was also mild, and when the wear of the pin was large, the wear of the disc was also large. This tendency cannot be attributed only to the hardness of the alumina. Figure 8 shows the Vickers and micro-Vickers hardness values for the cross section of a parallelepiped specimen after heat treatment at 1273 K for 180 ks. Measurements were made in the longitudinal direction from the surface towards the center on the cross section of a specimen with the same shape as the one shown in Fig. 2 . Vickers hardness was measured at 0.5 mm from the surface and at the center, with a load of 5 kg for 15 s. The center hardness was HV236, and the hardness at 0.5 mm from the surface was HV189. The MicroVickers hardness of the matrix was measured at intervals of 0.5 mm from the surface to the center avoiding the graphite and alumina phases, and the load was 500 g held for 15 s. In this case, the vicinity of the surface was also softer than the core. Despite the fact that alumina is present near the surface, the Vickers hardness is smaller in this region.
From these results, it is evident that the improvement in the wear resistance cannot be attributed to hardness. During the heat treatment of the specimen, the aluminum distributed in the matrix diffused towards the sites previously occupied by graphite to form alumina. Since the aluminum content of the matrix decreased, the hardness near the surface became smaller. The Vickers impressions were large and varied from 200 to 250 mm, indicating that the hardness values were influenced by the distribution of graphite and alumina. As the values of Vickers hardness are smaller than the values of micro-Vickers, it can be inferred that alumina itself is hard but the network is brittle. To investigate the reasons for the hardness change in the sample, the aluminum distribution in the cross section of specimens with heat treatment at 1273 K for 72 ks was analyzed using EPMA. The intensity distributions of the characteristic X-rays are shown in Fig. 9 . The upper section corresponds to the aluminum distribution in the cross section of the specimen. This section is separated into two areas: a peripheral area where there is alumina formation and a central area where there is no alumina present. The respective radiance distribution indicates the aluminum concentration distribution as shown in the graph. The frequency peak corresponds to the aluminum concentration of the matrix. In consequence, it is apparent that the aluminum concentration in the matrix of the peripheral area was lower than the concentration at the central area. According to EPMA analysis, it is estimated that the changes in aluminum concentration caused the changes in hardness.
The pin and disc surfaces were analyzed with EMPA and an energy dispersive X-ray spectrometer. Figure 10 shows the results from EPMA analysis of the pin surface after a wear test of a specimen with heat treatment for 180 ks. Almost no carbon was detected on the surface, and there was a large amount of oxygen together with silicon and aluminum. The wear debris on the surface was oxidized and adhered to the pin surface. Figure 11 shows the results of the EPMA analysis of the disc surface, where silicon, aluminum and oxygen were also detected. Figure 12 is an enlargement of Fig. 11 . At the micro level, silicon, aluminum, and oxygen were also distributed in the same region. Since the silicon and aluminum contents of disc were very small, they must have originated from the wear debris formed on the pin material, which was oxidized and became attached to the surface of the disc. Surface Modification of Cast Iron Containing 6 mass% Aluminum and Its Wear Property Figure 13 shows EPMA analysis of the disc surface in contact with the same pin as used in Fig. 10 , with a friction rate of 0.1 m/s. The wear had advanced severely as in the left section of Figure 7 . In this case, adherence of oxides does not occur, but a new surface is constantly formed. Aluminum and carbon from the pin material were detected in localized spots on the disc surface. Figure 14 shows the results from the energy dispersive X-ray spectroscopy of the wear surface of the pin in Fig. 10 , and Fig. 15 shows the results from this analysis on the surface of the disc in Fig. 11 . Section (1) in Fig. 14 corresponds to the flat region of the surface, and beside the elements of the pin, there was a large amount of oxygen present. In (2) oxygen was not detected in the hollowed section. In this way, oxides were buried so as to cover the hollowed section. Section (1) in Fig. 15 corresponds to the flat region in the disc material. This region is covered by oxide, and aluminum and silicon that transferred from the pin were detected. Aluminum and silicon were not detected in the hollowed section (2), indicating that this section corresponds to the disc material.
From the observations described above, it is thought that the alumina present near the surface broke up, combined with other oxides and adhered to the material surface. The type of wear can be divided into heavy and light depending on the degree. 15) Heavy wear is called bright surface wear, where the wear dominates the process of adherence of oxides to the surface. In the case of light wear, the wear debris is oxidized and adheres to the material surface. For example, for a specimen with heat treatment of 1273 K for 72 ks, the wear rate decreased markedly after 0.8 mm of wear. At the beginning the removal rate of the oxides was slightly higher than the adhering rate of oxides, and it resembled the bright surface wear condition. But there was a temporary equilibrium of the oxides by a small change in the conditions of the surface, and they were able to adhere to the surface. At this point the friction rate was thought to change to the oxidation condition of light wear. In the present experiment, when the wear was small, the wear was in the oxidation wearing condition where oxides cover the pin and the disc. As alumina was present in the cast iron with surface modification, it was very easy for the oxidation wear condition to occur, resulting in an improvement of the wear resistance. Especially, when the friction rate is high, the temperature at the wear surface increases rapidly and oxidation advances quickly. Because the higher rotation of disc produces higher impact force between pin and disc, the produced oxides can adhere strongly to the pin and the disc surfaces at a high friction rate, and it is difficult for them to fall from the surface. The results of this study show that the higher the friction rate, the greater the improvement in the wear resistance properties.
Conclusions
Heat treatment in air was carried out on a flake graphite cast iron with 6 mass% of aluminum, and the following conclusions were drawn.
(1) During heat treatment in air at 1273 K of a flake graphite cast iron containing 6 mass% aluminum, alumina is formed and replaces graphite near the surface. (2) This modified surface layer presents excellent wear resistance, especially at a friction rate of 1.0 m/s. In the range of friction rate between 0.1 to 0.5 m/s, the wear properties are better than those of regular cast iron. (3) It is thought that alumina-containing oxides are easily produced due to the presence of an alumina phase at the surface, and that the wear resistance is improved by adherence of these oxides to the surface of the specimen. The present surface modification technique is a new method which takes advantage of the ease with which graphite decarburizes and the ease with which aluminum oxidizes. As the heat treatment can be carried out in air, this is an easy technique for surface modification. This study demonstrated new possibilities for cast iron by replacing graphite by other materials to produce different properties and functions.
